In Brief
Acuna et al. show that active zone proteins called RIM-BPs are not essential for neurotransmitter release as such, but are required for tight coupling of presynaptic Ca 2+ channels to the release machinery. As a result, deletion of RIMBPs impairs the reliability and fidelity of synaptic transmission in response to action potentials.
INTRODUCTION
At a synapse, synaptic transmission is initiated when an action potential induces neurotransmitter release from a presynaptic terminal by opening voltage-gated Ca 2+ channels. The inflowing Ca 2+ then activates synaptotagmin Ca 2+ sensors in a highly localized manner, thereby triggering fusion of synaptic vesicles with presynaptic membranes within a few hundred microseconds (Katz and Miledi, 1965; Sabatini and Regehr, 1996; Geiger and Jonas, 2000) . Ca 2+ -dependent synaptic vesicle fusion occurs at a specialized region called the active zone, an electron-dense cytomatrix composed of large, evolutionary conserved proteins including Munc13 (Brose et al., 1995) , ELKS Ohtsuka et al., 2002) , a-liprins (Zhen and Jin, 1999; Schoch et al., 2002) , RIMs (Wang et al., 1997) , and RIM-BPs (Wang et al., 2000) . Active zone proteins shape the spatial and temporal properties of neurotransmitter release. Most active zone proteins contain multiple domains that support protein-protein interactions with other active zone components, synaptic vesicle proteins, or presynaptic membrane constituents (Sü dhof, 2012) . Via these protein-protein interactions, active zone components perform three fundamental functions: tethering of synaptic vesicles to the presynaptic membrane, priming of synaptic vesicles to render them fusion competent, and coupling of synaptic vesicles to presynaptic voltage-gated Ca
2+
-channels, which enables tight linkage of an action potential to Ca 2+ triggering of release. However, despite their obvious significance, the molecular mechanisms controlling localization of presynaptic Ca 2+ channels are incompletely understood (Holderith et al., 2012; Nakamura et al., 2015) . RIM-BPs are large multidomain proteins that were discovered via their eponymous binding to RIMs (Wang et al., 1997 (Wang et al., , 2000 . In vertebrates, RIM-BPs are encoded by three genes. RimBP1 and RIM-BP2 are primarily synthesized in brain, while RIM-BP3 is largely expressed outside of brain (Mittelstaedt and Schoch, 2007) . RIM-BP1 was described as an interacting partner of the ''peripheral'' mitochondrial benzodiazepine receptor in nonneuronal tissues (Galiè gue et al., 1999) , but this is likely a misidentification, since RIM-BP1 is not localized to mitochondria and is not significantly expressed outside of brain (Wang et al., 2000) . All RIM-BPs have similar domain structures, consisting of an N-terminal and two C-terminal SH3-domains that are separated by multiple central fibronectin-like-3 (FN3) domains (Figure 1A) . RIM-BP SH3 domains bind to proline-rich sequences in P/Q-, N-, and L-type Ca 2+ channels and to RIMs (Wang et al., 2000; Hibino et al., 2002; Mü ller et al., 2010; Kaeser et al., 2011) . One of the functions of RIMs is to recruit Ca 2+ channels to the active zone Han et al., 2011; Graf et al., 2012) . RIMs directly bind to Ca 2+ channels via their central PDZ domain; as a result, mice lacking RIMs exhibit decreased Ca 2+ influx and reduced neurotransmitter release with desynchronized kinetics . Strikingly, rescue experiments showed that in addition to its PDZ-domain, RIMs require the proline-rich sequence that binds to RIM-BPs for full recruitment of Ca 2+ channels to the active zone . This finding suggested that RIMs tether Ca 2+ channels both by directly binding to Ca 2+ channels via their PDZ domains and by indirectly recruiting Ca 2+ channels via RIM-BPs. Consistent with this hypothesis, deletion of RIM-BP in Drosophila neuromuscular synapses causes severe structural and functional impairments Mü ller et al., 2012 Mü ller et al., , 2015 . However, no characterization of RIM-BP function in mammalian synapses is available.
To evaluate their functions in mammalian synapses, we here generated conditional knockout (cKO) mice for RIM-BP1 and RIM-BP2. We find that deletion of RIM-BPs modestly impairs mouse survival but does not alter overall brain morphology, synapse numbers, or synaptic fine structure. High-resolution electrophysiological recordings in cultured hippocampal neurons and the calyx of Held revealed that deletion of RIM-BPs strongly and specifically increased the trial-to-trial variability of Ca 2+ -triggered neurotransmitter release. Our results suggest that in mammalian synapses, deletion of RIM-BPs increases the average distance between Ca 2+ channels and synaptic vesicles but causes no other major phenotypes. Thus, RIM-BPs play an essential role in regulating the fidelity of action potential-evoked synaptic vesicle fusion, and thereby control the timing and precision of neuronal communication in brain circuits.
RESULTS

Generation of RIM-BP1 and RIM-BP2 Double cKO Mice
The mouse RIM-BP1 and RIM-BP2 genes comprise at least 32 and 22 exons, respectively ( Figure 1A ). To generate RIM-BP cKO mice, we targeted exon 16 of RIM-BP1 and exon 10 of RIM-BP2 because these exons are out of frame and encode part of the first SH3-domain (Figures 1A and 1B and see Figure S1A available online) . In the homologous recombination vector, we flanked the targeted exons with LoxP sites and inserted selectable markers into adjacent introns ( Figure 1B Southern blotting and PCR, and used to produce chimeric mice carrying mutant RIM-BP1 and RIM-BP2 genes ( Figure 1B ). Once germline transmission was achieved, we crossed the initial mutant mice with transgenic mice expressing FLP-recombinase in the germline to generate conditional (''floxed'') RIM-BP1 or RIM-BP2 cKO mice (RIM-BP1 flox and RIM-BP2 flox mice). In these mice, Cre-mediated deletion of exons 16 and 10 causes a frameshift in the resulting mRNAs, thereby truncating RIM-BP proteins in the first SH3-domain and blocking RIM-BP function. We derived three mouse lines ( Figure S1B ): (1) Figure 1D ). Analysis of survival at P21 revealed a skewed genotype ratio, with normal survival of homozygous RIM-BP1 KO mice, $20% less survival than expected of homozygous RIM-BP2 KO mice, and $35% less survival than expected of homozygous RIM-BP1,2 DKO mice (Figure 1D ). These differences were statistically significant, suggesting that RIM-BPs are functionally important. However, we detected no major changes in the structural organization of the brain as analyzed by histochemistry of brain sections from 3-to 4-month-old littermate wild-type and RIM-BP1,2 DKO mice ( Figure 1E ). We next tested whether the RIM-BP DKO alters the biochemical composition of the brain, but found no change in the levels of presynaptic proteins in RIM-BP1,2 DKO mice ( Figure S2 ). We also evaluated whether solubility of presynaptic active zones components may be shifted. Because deletion of RIM proteins alters the solubility of other active zone proteins and RIM-BPs bind to RIMs, the RIM-BP deletion may impact the structural organization of the active zone. However, we again detected no significant differences between control and RIM-BP1,2 DKO mice ( Figure S2 ), indicating that the morphological and biochemical integrity of the brain was not significantly compromised by the RIM-BP1,2 DKO.
We then examined whether deletion of RIM-BPs impacts neuronal morphology, synapse numbers, or synapse structure. We cultured hippocampal neurons from newborn homozygous RIM-BP1,2 flox mice and infected them at DIV4 with lentiviruses expressing EGFP-tagged active Cre-recombinase (to delete RIM-BPs) or inactive mutant Cre-recombinase (DCre, as a control). We analyzed neurons at DIV14 by immunofluorescence staining and light microscopy and by transmission electron microscopy (EM; Figures 2B, S3A , and S3B), but failed to detect significant differences between control and RIM-BP1,2-deficient neurons in various morphological parameters. Thus, at the lightmicroscope and EM levels, deletion of RIM-BPs does not appear to produce a major change in neuronal development or synapse structure.
An Optogenetics-Based Approach to Study Unitary Synaptic Connections in Cultured Neurons
To examine Ca
2+
-dependent transmitter release in cultured hippocampal neurons with high resolution, we designed an optogenetics-based strategy that allows assessing neurotransmitter release from single axonal outputs (unitary connections). We cultured hippocampal neurons from RIM-BP1,2 flox mice at a low density, infected all neurons at DIV4 with lentiviruses expressing Cre-or DCre-recombinase, and sparsely transfected a subset of neurons at DIV10-12 with a plasmid encoding the channelrhodopsin variant oChiEF fused to tdTomato (Lin et al., 2009) . At DIV14, we observed individual oChiEF-expressing neurons via their tdTomato fluorescence and mapped their axonal arbors to identify nearby postsynaptic neurons that may be synaptically connected ( Figures 2C, 2D , and S3). Adjacent oChiEF-negative postsynaptic neurons were then patchclamped and probed for functional connections by exciting the presynaptic neuron with brief pulses of blue light ( Figures S4A-S4C ). In these experiments, we used a postsynaptic internal solution that allows simultaneous detection of IPSCs and EPSCs which could be readily differentiated because of their dramatically different kinetics ( Figures 2D, S4B , and S4C). Figure 2D shows an exemplary experiment with this approach. The full axonal arbor of an oChiEF-positive neuron is displayed on the left. The white box (bottom left) indicates the region enlarged on the top right, which illustrates how merged fluorescence and DIC images facilitate identification of putative postsynaptic neurons (black boxes). Both neurons exhibited IPSCs in response to presynaptic blue-light pulses of 2 ms, consistent with monosynaptic unitary connections (bottom right). In a subset of experiments, we immunostained neurons after recordings with antibodies that specifically label glutamatergic or GABAergic synapses, allowing us to confirm the presence of presynaptic elements in close proximity to postsynaptic neurons using confocal microscopy ( Figures S4D and S4E) .
We validated this approach by comparing light-induced and electrically induced EPSCs and IPSCs in the same pairs of neurons ( Figure 2E ). After identifying synaptically connected neuron pairs using optogenetics as described above, we patch-clamped the presynaptic neuron to induce action potentials by current injections. We found that optical and electrical stimulation-evoked IPSCs and EPSCs exhibit similar amplitudes and kinetics ( Figure 2E ). Responses were blocked by 0.5 mM tetrodotoxin, confirming that they were spike dependent. Thus, our channelrhodopsin-assisted strategy could be used to reliably trigger single-action potential-evoked release at the level of individual synaptic connections. 
RIM-BP1,2 DKO Impairs the Timing of Synaptic Transmission in Cultured Hippocampal Neurons
We used optogenetics-based paired recordings to probe the role of RIM-BPs in neurotransmitter release. Systematic analyses of unitary EPSCs and IPSCs in control and RIM-BP1,2-deficient neurons revealed that the RIM-BP1,2 double KO only slightly decreased peak amplitudes of EPSCs and IPSCs induced by individual action-potentials ( Figures 2F-2H ). Analysis of trial-to-trial variability, however, uncovered a dramatic increase in the coefficient of variation (c.v.) of EPSC and IPSC amplitudes ( Figures 2F-2H ). Moreover, synaptic transmission failure analysis showed a decrease in success rate of EPSCs ( Figure S4F ; IPSCs had a uniform success rate of 100%), while paired-pulse stimulations (0.25 s intervals) uncovered an increase in paired-pulse ratios ( Figure S4G ). The kinetics of EPSCs and IPSCs were unchanged, and spontaneous mini release was unaltered . Viewed together, these results suggest that in cultured hippocampal neurons, RIM-BPs ensure an optimal fidelity of action potential-induced neurotransmitter release and contribute to a normal release probability.
Conditional RIM-BP1,2 DKO at the Calyx of Held Synapse Impairs Timing of Release
To better characterize the biophysical mechanisms underlying the synaptic function of RIM-BPs, we examined transmitter release at the calyx of Held synapse, which is arguably the best preparation for biophysical studies of synaptic vesicle fusion (Borst and Sakmann, 1996) . We conditionally removed RIM-BPs from calyx synapses by crossing RIM-BP1,2 flox mice to Krox20-Cre mice (Voiculescu et al., 2000 ; Figure 3A ). Krox20-Cre mice selectively express Cre-recombinase in brainstem structures, including the anterior ventral cochlear nucleus (aVCN), which gives rise to the presynaptic terminals of calyx synapses in the MNTB (medial nucleus of the trapezoid body) ( Figure 3A ). We prepared acute brainstem slices from littermate RIM-BP1,2 flox mice lacking (control; ÀCre) or containing the Krox20 Cre transgene (+Cre) at postnatal days 10-12, and patched presynaptic calyx terminals and postsynaptic MNTB neurons. We then induced presynaptic action potentials in cell-attached mode by current injections (1-2 nA for 1-2 ms), and recorded (E) Summary graphs of the synaptic delay, EPSC half-width, and ratio of fast to slow release calculated from EPSCs recorded in the presence of 1 mM g-DDG.
(F) Paired-pulse ratio for closely spaced EPSCs monitored in the presence of 2 mM g-DDG in 14 control and 15 RIM-BP1,2-deficient synapses, respectively (top, sample traces; bottom, summary plot). Data in (C)-(F) are means ± SEM. Statistical significance was assessed in (C)-(E) using Student's t test, or in (F) using two-way ANOVA for repetitive measurements followed by a Bonferroni post hoc test (*p < 0.05; **p < 0.01; ***p < 0.001). For further details, see Figures S6 and S7 and Supplemental Information.
EPSCs in whole-cell mode. Consistent with our observations in cultured hippocampal neurons, we found that conditional deletion of RIM-BPs from calyx terminals dramatically increased the trial-to-trial variability of EPSCs ($60%), and additionally decreased the peak EPSC amplitude ($30%; Figures 3B  and 3C ).
To more precisely dissect the function of RIM-BPs, we analyzed the kinetics of action potential-evoked release. Calyx synapses are particularly well-suited for such analyses because they form on the cell body of postsynaptic MNTB neurons which lack dendritic structures, thus significantly improving voltageclamp control while minimizing dendritic filtering of electrical signals. RIM-BP1,2-deficient synapses exhibited normal EPSC rise times, but displayed a significantly increased trial-totrial variability in rise-time kinetics ($80% increase; Figures 3B and 3C). These results parallel our observations for EPSC amplitudes ( Figure 3A) . The RIM-BP1,2 DKO reduced the total EPSC charge-transfer per action potential by $35%, but did not significantly alter the EPSC decay kinetics ( Figure 3C ). Thus, deletion of RIM-BP1,2 from calyx synapses robustly impairs the reliability and magnitude of action potential-triggered transmitter release.
To determine if our results in the calyx could be influenced, at least in part, by the degree of saturation of postsynaptic receptors, we performed the same analyses in the presence of 1 mM g-DGG. g-DGG is a low-affinity competitive antagonist of AMPA receptors with very fast on/off rates (Foster et al., 2002) . These properties allow g-DGG to compete with glutamate that is released during synaptic transmission and to decrease receptor saturation and desensitization (Chanda and Xu-Friedman, 2010) . Thus, EPSC recordings in the presence of g-DGG more accurately monitor the relative amounts and dynamics of presynaptic neurotransmitter release.
We found that in the presence of g-DGG, deletion of RIM-BPs again caused a large increase ($95%) in the variability of both the EPSC amplitude and the 20%-80% rise time ( Figure 3D ), confirming that the RIM-BP1,2 DKO impairs the fidelity of synaptic transmission. We also detected a small ($10%) but highly significant increase in the synaptic delay in RIM-BP1,2-deficient synapses, as well as a significant increase in EPSC half-width and a decrease in synaptic charge transfer that did not reach statistical significance (p = 0.07; Figures 3D and 3E) . Thus, the RIM-BP1,2 deletion not only renders action-potential-induced release more variable, but also decelerates release.
To further analyze release kinetics, we integrated the averaged EPSCs from a synapse and fitted the integrated signals with a double exponential function. This allowed us to deconstruct release into a slow and fast phase ( Figure S6A ). In wild-type synapses, the fast phase (tau, 1-2 ms) was time-locked to the presynaptic action potential and accounted for $70% of the total synaptic response, while the slow phase (tau, 10-20 ms) accounted for the remainder ( Figure S6B ). Thus, control synapses had a synchronicity index, defined as the ratio of fast versus slow release for an action potential, of $1.7 ( Figure 4E, middle) . In striking contrast, RIM-BP1,2-deficient synapses had a synchronicity index of $1.0, confirming that release was partially uncoupled from action potentials ( Figure 4E ). Finally, we assessed release probability using paired-pulse stimulation and found enhanced facilitation in mutant synapses compared to controls ( Figure 3E , right). These differences were apparent with or without 2 mM g-DGG ( Figure S6C ), and thus were independent of postsynaptic receptor saturation.
Overall, the calyx results strongly support the hypothesis that RIM-BPs are selectively essential for fast high-fidelity coupling of neurotransmitter release to an action potential. Consistent with this conclusion, we observed no significant change in spontaneous mini release in RIM-BP1,2-deficient neurons ( Figure S7 ).
RIM-BP Deletion Impairs the Kinetics of Release from the RRP, but Does Not Affect Kinetics of Priming into the RRP or RRP Size We next investigated whether the RIM-BP1,2 DKO phenotype could be explained by changes in the RRP. Using a standard double-patch protocol to measure the RRP size ), we briefly (2 ms) depolarized presynaptic calyx terminals from À80 to +80 mV to open Ca 2+ channels while preventing Ca 2+ influx, and then held the terminals at 0 mV for 50 ms to allow maximal Ca 2+ influx in a pulse-like manner ( Figure 4A ). We recorded presynaptic Ca 2+ currents and postsynaptic EPSCs, and deconvolved the EPSCs to calculate vesicle release rates . All experiments were performed in 1 mM g-DGG and 0.1 mM cyclothiazide to reduce glutamate receptor saturation and desensitization.
In these experiments, the strong depolarization induced large presynaptic Ca 2+ currents ($1 nA), which in turn generated massive neurotransmitter release and large EPSCs ($27 nA; Figure 4A ). Presynaptic Ca 2+ currents were not significantly altered in RIM-BP DKO synapses (see Figure 6 , below). The total synaptic charge transfer was also unchanged ( Figure 4B ), suggesting that the RRP size is normal, similar to what was previously observed in the Drosophila neuromuscular junction (Mü ller et al., 2015) . However, the kinetics of postsynaptic responses differed markedly between control and RIM-BP-deficient synapses ( Figure 4B ). Specifically, deletion of RIM-BP1,2 decreased the speed of release as evidenced by an $80% increase in time-to-peak delay (which was not statistically significant due to high variability among preparations; p = 0.053) and an $100% increase in EPSC half-width ( Figure 4B ). The deceleration of release reduced the peak EPSC amplitude almost 50%, and produced a large increase in the fraction of the RRP released with slow kinetics. To more quantitatively assess the contribution of RIM-BPs to RRP size and kinetics, we deconvolved the EPSCs into unitary quantal responses as a function of time. Deconvolution of EPSCs confirmed that deletion of RIM-BPs significantly reduced the peak release rates but not the total number of readily releasable vesicles ( Figure 4C ). When we integrated deconvolved responses and fitted them with double exponential functions, we confirmed that RIM-BP1,2 deletions greatly decelerated release at calyx synapses, as exemplified by the overall slower time constants for release ( Figure 4C ). We used the fast and slow time constants (t fast and t slow ) derived from these fittings to estimate the relative number of vesicles released with fast (A fast ) and slow kinetics (A slow ). In control synapses, most release proceeded with fast kinetics (ratio fast/slow $2), whereas in RIM-BP1,2 DKO synapses the slow release kinetics predominated (ratio fast/slow $0.7; Figure 4C ). Thus, deletion of RIM-BP1,2 in mammalian synapses does not alter the size of the RRP, but decelerates the speed with which membrane depolarization induces transmitter release.
In Drosophila neuromuscular junctions, deletion of RIM-BP strongly impairs priming of vesicles into the RRP (Mü ller et al., 2015) . Therefore we tested if mammalian RIM-BPs perform a similar function using two independent methods. First, we applied a high-frequency train (100 Hz, 40 stimuli; Thanawala and Regehr, 2013) to empty the RRP, followed by a second identical stimulus train delivered at increasing time intervals (Figure 5A) . Using this protocol, we did not detect major differences between control and RIM-BP1,2-deficient synapses in the recovery rate of the RRP or the size of the EPSC induced by the initial action potential ( Figures 5B and 5C ).
Second, we measured the rate of RRP replenishment after depletion with a 50 ms depolarizing pulse by applying a second depolarizing stimulus ( Figure 5D ). Similar to the RRP recovery measurements using action potential trains, we also failed with this method to detect significant differences in RRP recovery rates between control and mutant synapses, suggesting that the RIM-BP1,2 deletion does not alter synaptic vesicle priming. Taken together, our observations establish that RIM-BPs play a pivotal but selective role in controlling the speed of RRP emptying without influencing the size or replenishment kinetics of the RRP.
RIM-BPs Do Not Influence Presynaptic Ca
2+ Channel Properties The phenotype of RIM-BP1,2-deficient synapses (i.e., the deceleration and enhanced variability of evoked release, the increased synaptic delay, and the decreased release probability without changes in RRP size; Figures 2-5) are consistent with the notion that RIM-BPs ensure tight coupling of an action potential to neurotransmitter release by controlling Ca 2+ influx. RIM-BPs bind to Ca 2+ channels (Hibino et al., 2002; Mü ller et al., 2010; Kaeser et al., 2011) , raising the possibility that RIM-BPs could, among others, optimize release by regulating presynaptic Ca 2+ channel properties or numbers.
To test this possibility, we determined the effect of the RIM-BP1,2 DKO on the density and properties of release-relevant Ca 2+ channels. We patch-clamped presynaptic calyx terminals in control and RIM-BP1,2-deficient synapses, and sequentially depolarized the terminals from À80 to +40 mV in 10 mV steps. We detected no significant differences between control and RIM-BP1,2-deficient synapses in the total Ca 2+ current, the maximal Ca 2+ current density, or the voltage dependence of Ca 2+ currents ( Figures 6A and 6B) . Moreover, Ca 2+ current activation and deactivation kinetics (depolarization to 0 mV) and Ca 2+ current activation delays were not changed in RIM-BP1,2 DKO terminals ( Figures 6C and 6D) , confirming that the increased synaptic delay in RIM-BP1,2-deficient presynaptic terminals ( Figure 3E ) cannot be attributed to delayed Ca 2+ channel opening. Furthermore, the relative contribution of different Ca 2+ channel subtypes to the total presynaptic Ca 2+ current was not affected by removal of RIM-BP1,2 because the selective P/Q channel blocker agatoxin (0.2 mM) reduced Ca 2+ currents Experiments measured release in the presence of 1 mM g-DGG and 100 mM CZT during prolonged presynaptic depolarization which depletes the RRP, and were performed using standardized protocols and deconvolution algorithms ).
(B) Summary graphs of release parameters directly calculated from EPSCs evoked by the RRP-depletion protocol (see A) in nine control (ÀCre) and 10 RimBP1,2-deficient (+Cre) synapses (from left to right: peak EPSC amplitude, total charge transfer [RRP size], time-to-peak delay, EPSC half-width, and ratio of fast and slow EPSC component).
(C) Summary graphs of release parameters calculated by deconvolution of the EPSCs obtained with the RRP-depletion protocol (from left to right: peak release rate, RRP size, time constants [t] for the fast and slow component of release during RRP depletion, and ratio of fast to slow component). Data are means ± SEM. Statistical significance in (B) and (C) was assessed using Student's t test (*p < 0.05, **p < 0.01; ***p < 0.001).
similarly in control and DKO terminal ( Figure 6E ). Finally, immunoblotting failed to detect a change in overall expression levels of different Ca 2+ channel subtypes in brain homogenates from constitutive wild-type and RIM-BP1,2 DKO mice ( Figure S2B ). Thus, in contrast to RIM proteins Han et al., 2011) , RIM-BPs do not control the overall function of presynaptic Ca 2+ channels.
To more precisely assess the potential role of RIM-BPs in regulating Ca 2+ channels, we analyzed the effect of RIM-BP2 Fedchyshyn and Wang, 2005; Bucurenciu et al., 2008; Wang et al., 2008; Vyleta and Jonas, 2014) . Thus, EGTA can be used as a molecular ruler to monitor the distance (center and right).
(G and H) Same as in (F), but for measurements of the activation (G) or inactivation kinetics (H). To measure activation kinetics, cells were held at À80 mV, depolarized for 50 ms to voltages ranging from À60 to +70 mV, and then maintained for 15 ms at À40 mV. Relative activation for different voltages was obtained from peak tail current amplitudes (enlarged area in G, left). To estimate inactivation kinetics, cells were held at À100 mV, depolarized for 2 s in 10 mV steps to +10 mV to induce inactivation, and tested with a 20 ms pulse from À100 to 0 mV. Maximal current amplitudes were estimated by averaging the last 2 ms of responses to test pulses. Data are means ± SEM. No statistically significant difference was noted in any parameter as assessed using Student's t test or ANOVA.
between Ca 2+ channels and the release machinery (reviewed in Eggermann et al., 2012) .
We loaded pipettes with 0.25 or 1 mM EGTA, and sequentially patch-clamped calyx terminals first in cell-attached and then in whole-cell mode ( Figure 7A ). The cell-attached configuration allowed us to estimate the properties of neurotransmitter release before interfering with the Ca 2+ -buffering capacity of the nerve terminal. When we entered the whole-cell mode, membrane rupture enabled access of the EGTA to the nerve terminal cytosol. After $2-4 min of equilibration, we measured transmitter release again, now in the presence of EGTA in the same nerve terminal ( Figure 7A ).
We found that 0.25 mM EGTA did not decrease EPSC amplitudes in control synapses, and induced a small but nonsignificant EPSC amplitude decline in RIM-BP1,2 DKO synapses ( Figure 7B ). In contrast, 1 mM EGTA decreased transmission in both control and RIM-BP1,2 KO synapses, but had a significantly more pronounced effect on RIM-BP1,2 DKO than on control synapses ( Figure 7B ). Although 1 mM EGTA increased the c.v. of EPSCs, we detected no difference between control and RIM-BP1,2-deficient synapses on the c.v. of EPSC amplitudes or rise times ( Figures 7B and 7C) . Together, these observations support the hypothesis that deletion of RIMBPs increases the physical distance between Ca 2+ channels and synaptic vesicles, which augments the sensitivity of release to EGTA, reduces the release probability, and desynchronizes neurotransmitter release triggered by individual action potentials.
Increased Variability of Release in RIM-BP1,2-Deficient Synapses Decreases Synaptic Transmission Fidelity How do changes in the variability, speed, and timing of vesicle fusion impact postsynaptic spike timing for a train of presynaptic action potentials in a synapse like the calyx of Held, which is optimized for high-frequency transmission (van der Heijden et al., 2013)? Because we observed a large increase in variability with relatively modest changes in release probability after deletion of RIM-BPs, we reasoned that the RIM-BP1,2 double KO offered an opportunity to address this fundamental question.
We stimulated presynaptic terminals in the cell-attached mode with repeated trains of 100 action potentials elicited at increasing frequencies (1, 10, 25, 50, and 100 Hz), and measured postsynaptic spike generation and spike timing in the whole-cell mode (Figures 8A and 8B ; Lorteije et al., 2009) . At the beginning of the stimulus train, presynaptic action potentials reliably triggered postsynaptic spikes with precise timing ( Figure 8C ). Thus, input patterns were initially converted into output signals with high fidelity. In wild-type synapses, the fidelity and precision of synaptic transmission decreased later in the train, mostly because of strong synaptic depression which impacted spike generation and timing ( Figures 8C and 8D) . However, this decrease in transmission fidelity was dramatically aggravated in RIM-BP1,2 DKO synapses ( Figure 8D) . Thus, by regulating the exact localization of presynaptic Ca 2+ channels at the active zones, RIM-BPs influence the fidelity of vesicle exocytosis and thereby impact the extent and timing of information transfer at central synapses. showing that EGTA caused a relative decrease in release. During dual recordings, the presynaptic terminal is first patched in the cell-attached mode to measure baseline synaptic transmission, and then in whole-cell mode to introduce EGTA (0.25 or 1 mM) into the presynaptic cytosol via the patch pipette. EPSCs are monitored at 0.05 Hz. (B) Summary graphs of relative EPSC amplitudes (left) and relative c.v. of EPSC amplitudes (right) after introduction of 0.25 mM EGTA (n = 4/5 for ÀCre/+Cre synapses) or 1 mM EGTA (n = 6/5 for ÀCre/+Cre synapses) into the presynaptic terminal. Asterisks above the bars indicate that in the respective condition the introduction of EGTA caused a significant decrease in EPSC amplitudes. (C) Same as (B), but for 20%-80% rise time. Data are means ± SEM. Statistical significance was assessed using Student's t test (*p < 0.05; **p < 0.01).
DISCUSSION
Synaptic transmission is remarkably fast (Borst and Sakmann, 1996; Sabatini and Regehr, 1996) . At physiological temperatures, a presynaptic action potential elicits a postsynaptic response in less than a millisecond, which means that neurotransmitter release must proceed in only a few hundred microseconds! To achieve such speed, nerve terminals efficiently couple Ca 2+ entry to Ca 2+ -triggered vesicle fusion at the active zone by precisely localizing Ca 2+ channels adjacent to release-ready synaptic vesicles (Sü dhof, 2012; Eggermann et al., 2012) . In the present study, we demonstrate that active zone proteins called RIM-BPs are required for precise coupling of Ca 2+ entry to Ca 2+ -triggered vesicle fusion at murine synapses, and thereby are essential for faithful transmission of presynaptic information to postsynaptic neurons.
We systematically dissected the functions of RIM-BPs by generating constitutive and conditional KO mice for RIM-BP1 and RIM-BP2, the only RIM-BPs expressed at significant levels at murine synapses (Mittelstaedt and Schoch, 2007) . In constitutive double KO mice, deletion of RIM-BPs produced a modest but significant impairment in survival without major changes in brain structure or composition. We performed morphological, ultrastructural, and electrophysiological studies on conditional double KO mice in two preparations, synapses of hippocampal neurons in culture and synapses of the calyx of Held synapse in acute slices. We found that in these synapses, RIM-BPs are selectively essential for reliable triggering of release by an action potential. Based on our detailed measurements of synaptic transmission in calyx synapses, this phenotype is most plausibly explained by a loss of Ca 2+ channel colocalization with releaseready, docked, and primed synaptic vesicles. Recent studies using immunogold EM revealed that Ca 2+ channels are distributed nonrandomly in the active zone and colocalize with RIMs which in turn are attached to vesicles (Holderith et al., 2012; Nakamura et al., 2015) . Our data suggest that the RIM-BP1,2 DKO phenotype impairs this colocalization and clustering of Ca 2+ channels with vesicles. Thus, we propose that, consistent with the known biochemical interactions of RIMBPs with RIMs and Ca 2+ channels (Wang et al., 2000; Hibino et al., 2002; Kaeser et al., 2011) , RIM-BPs perform a discrete function in mammalian brain to control the speed and precision Data are means ± SEM. Statistical significance was assessed using two-way ANOVA for nonrepetitive measurements followed by a Bonferroni test for multiple comparisons (**p < 0.01; ***p < 0.01).
of Ca 2+ -dependent synaptic vesicle fusion by coupling Ca 2+ channels to synaptic vesicles. An alternative interpretation of our data is that the RIM-BP deletion dramatically increases the Ca
2+
-buffering capacity of presynaptic terminals. However, how a deletion of an active zone protein would cause recruitment of a large number of Ca 2+ buffers to the terminals is difficult to imagine; moreover, such an increase in Ca
-buffering capacity would have produced larger changes in the amplitude of release. Thus, we feel this interpretation is highly unlikely.
The evidence for our conclusions can be summarized as follows: first, the quantitatively most significant phenotype in RIM-BP-deficient hippocampal and calyx synapses consisted of a dramatic increase in the variability of action potential-triggered release, consistent with an increase in stochastic release failures due to a larger distance of Ca 2+ -channels to release sites . Measurements of precise release parameters in cultured neurons were enabled by the development of channelrhodopsin-assisted paired recordings ( Figures  2C-2E ), which may be generally useful for analysis of cultured neurons but are still less accurate than paired recordings in calyx synapses. Second, RIM-BP1,2-deficient calyx synapses exhibited a significant decrease in the amount of action potentialinduced release and the release probability, again consistent with an increased distance of Ca 2+ channels to release sites (Figure 2) . We detected only a trend toward decreased release in hippocampal synapses, possibly because of the relatively lower resolution of electrophysiological measurements in hippocampal synapses and/or because the overall phenotype of the RIM-BP1,2 DKO is smaller in cultured hippocampal neurons than in calyx synapses. Third, the RIM-BP1,2 DKO did not decrease the RRP size or the rate of priming of vesicles into the RRP, but strongly decelerated release triggered from the RRP (Figures 4 and 5) . Fourth, the RIM-BP1,2 DKO did not alter Ca 2+ current amplitudes or kinetics both in vivo and in vitro (Figure 6) . Fifth, release at RIM-BP1,2-deficient synapses was significantly more sensitive to the slow Ca 2+ buffer EGTA than release at control synapses, suggesting that the average residence time of Ca 2+ in the terminal before triggering release is longer (Figure 7) . Sixth, measurements of the reliability with which a presynaptic action potential triggers a postsynaptic action potential in calyx synapses demonstrated a major decrease in transmission fidelity during high-frequency spike trains in RIM-BP1,2-deficient synapses (Figure 8 ). Mechanistically, RIM-BPs likely tether Ca 2+ channels to the active zone in collaboration with RIMs, another essential component of the presynaptic active zone (Wang et al., 1997) . Like RIM-BPs, RIM proteins directly bind to Ca 2+ channels, although different from RIM-BPs, RIM proteins only bind to N-and P/Qtype but not to L-type Ca 2+ channels . Interestingly, RIM-and RIM-BP-deficient synapses differ significantly in their Ca 2+ -influx phenotype. RIM-deficient synapses exhibit a physical loss of Ca 2 channels from presynaptic terminals ) and a decrease in overall presynaptic Ca 2+ influx (Han et al., 2011; Kaeser et al., 2011; Graf et al., 2012) , whereas RIM-BP1,2-deficient synapses display no change in presynaptic Ca 2+ influx (Figure 6 ). This phenotypic difference suggests that
RIMs perform a more central function in recruiting Ca 2+ channels to active zones, and may perform such a function via multiple mechanisms, including but not restricted to tethering of RIMBPs to the active zone.
Our results are broadly consistent with previous studies. RIMBPs are known to biochemically bind to both L-type (Hibino et al., 2002) and N-and P/Q-type Ca 2+ channels , and are coimmunoprecipitated with N-and P/Q-type Ca 2+ channels from brain (Mü ller et al., 2010) . Rescue of the impairment in presynaptic Ca 2+ influx in RIM-deficient hippocampal neurons requires the RIM-BP-binding sequence of RIMs . This rescue experiment supported the conclusion that RIM-BP binding to RIMs may be important for localizing Ca 2+ channels to active zones, but did not actually show that RIMs operate by binding RIM-BPs, since other SH3-domain-containing proteins may have also bound. In Drosophila neuromuscular junctions, deletion of RIM-BP produces a major phenotype that, consistent with our data, includes a looser coupling of vesicles to Ca 2+ influx (Mü ller et al., 2015) . However, the effect of the RIM-BP deletion in Drosophila is much more severe than the phenotype we observe in murine synapses. Specifically, deletion of Drosophila RIM-BP abolishes the presynaptic T-bars that are characteristic of active zones in Drosophila neuromuscular junctions, mislocalizes the protein bruchpilot that is specific for these T-bars, and causes major changes in most parameters of neurotransmitter release Mü ller et al., 2015) . Comparing the relative phenotypes of RIM and RIM-BP mutations in mouse and Drosophila synapses suggests that in mammals, RIM proteins are functionally dominant, whereas RIM-BPs play a more ancillary role (Schoch et al., 2002; Kaeser et al., 2011; this study) . In Drosophila, by contrast, RIM-BPs appear to be central to the organization of the active zone, whereas RIMs may perform a lesser role Graf et al., 2012; Mü ller et al., 2012 Mü ller et al., , 2015 . This interesting evolutionary difference may be related to the emergence in Drosophila of bruchpilot, which evolved from the active zone protein ELKS and is specific to arthropods (Wichmann and Sigrist, 2010) . C. elegans which lacks bruchpilot but retains an ELKS homolog similar to mammals (Deken et al., 2005; Dai et al., 2006) seems to exhibit a similarly severe RIM loss-of-function phenotype as mammals (Koushika et al., 2001; Gracheva et al., 2008) . Viewed together, these studies thus suggest that RIM and RIM-BPs may act in partly overlapping functions with distinct degrees of redundancy in different organisms, raising the possibility that elimination of both RIMs and RIM-BPs may provide a more decisive manipulation than deletion of either protein family alone. Ca 2+ channel tethering by RIM-BPs has important functional consequences for the reliability and timing of synaptic transmission and thereby for the input/output relations of neural circuits. A deceleration of release and a decrease in the reliability of release during high-frequency bursts of action potential trains, as caused by deletion of RIM-BPs, would render vulnerable circuits that include such bursts as a regular coding feature. Notably, RIM-BP1 mutations were associated with autism-spectrum disorder and schizophrenia (Bucan et al., 2009; Pinto et al., 2010) , raising the possibility that brain dysfunction in patients with such diseases might be, at least in part, due to abnormal timing of information transfer at relevant brain circuits. Further studies should aim to determine if RIM-BP deletions lead to behavioral abnormalities related to these brain disorders, and whether this is linked to synaptic dysfunctions in specific brain regions such as the cerebellum or striatum. With the availability of RIM-BP double KO mice, these important questions can now be addressed.
EXPERIMENTAL PROCEDURES General
All electrophysiological and morphological analyses were carried out with anonymized samples whose genotype was unknown to the experimenter. Detailed methods are provided in the SOMs.
Generation of Mouse Lines
RIM-BP1 and RIM-BP-2 cKO mice were generated by standard homologous recombination (Geppert et al., 1994) and bred to homozygosity (Figures 1  and S1 ). RIM-BP1,2 double cKO mice were used in three types of experiments:
(1) culturing hippocampal neurons ( Figure 2) ; (2) generation of constitutive RIM-BP1,2 DKO mice by deleting the floxed exons in the germline; and (3) deleting RIM-BPs in calyx of Held synapses by crossing the cKO mice to Krox20-Cre mice (Voiculescu et al., 2000) . All animal experiments were approved by the Stanford IACUC committee.
RIM-BP1,2 DKO Constitutive DKO Mice
Four types of experiments were performed with these mice: (1) measurements of RIM-BP mRNA levels using qRT-PCR ( Figure 1C) ; (2) quantification of the levels and subcellular distributions of synaptic proteins by western blot ; Figure S2 ); (3) survey of the neuroanatomical development of the brain using Nissl-stained sections ( Figure 1E) ; and (4) measurements of mouse survival ( Figure 1D ).
RIM-BP1,2-Deficient Synapses in Hippocampal Cultures
Hippocampal neurons were cultured from newborn RIM-BP1,2 flox mice, infected with lentiviruses expressing active (Cre) and inactive (DCre) EGFPtagged Cre-recombinase at DIV3-4, and analyzed at $DIV14 in four types of experiments: (1) light microscopy, in which neurons were double immunofluorescence labeled with antibodies to MAP2, vGlut1, and GAD67, and neuron shape and synapse density were quantified with Metamorph and Nikon Elements software ( Figures 2A and S3A) ; (2) EM, in which cultured hippocampal neurons (DIV14) were fixed and viewed by standard transmission EM, and images were analyzed using Image J software Figures 2B and S3B) ; (3) conventional electrophysiology using high-density cultures; (4) channelrhodopsin-assisted paired recordings using a novel approach described in detail in Figures 2C-2F and S4 and Supplemental Experimental Procedures. Briefly, hippocampal control or RIM-BP1,2-deficient neurons were sparsely transfected with the tdTomatotagged channelrhodopsin variant oChiEF (Lin et al., 2009 ) at DIV10-12, and analyzed at DIV14-16 by measuring postsynaptic currents in nontransfected neurons upon light stimulation of nearby transfected neurons. The validity of the recordings was confirmed by paired recordings in the same set of neurons.
Electrophysiological Recordings in Calyx of Held Synapses
Electrophysiological recordings in calyx of held synapses were performed essentially as described in acute brainstem slices from 10-to 12-day-old RIM-BP1,2 Krox20cre Cre+ and CreÀ mice (Han et al., 2011) . Postsynaptic recordings were done in whole-cell patch-clamp mode under either voltage or current clamp as specified. Presynaptic recordings were performed in cell-attached mode or whole-cell mode, in the absence or presence of 1 mM g-DGG as indicated. Miniature EPSCs and action potential-evoked EPSC amplitude, rise-time, decay, etc. were analyzed using Clampfit 10.2 (Molecular Devices) or custom-written macros in Igor Pro 4.07 (WaveMetrics, Lake Oswego, OR). Deconvolution was performed using custom-written macros as described (Sun et al., 2007; Neher and Sakaba, 2001 ). Statistical analysis was done using GraphPad Prism software.
SUPPLEMENTAL INFORMATION
Supplemental Information includes seven figures and Supplemental Experimental Procedures and can be found with this article at http://dx.doi.org/10. 1016/j.neuron.2015.08.027.
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